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SUMMARY 
 
 
A home-built Raman system, utilizing a pseudo-backscattering geometry, was built in the 
Physics Department at the Nelson Mandela Metropolitan University (NMMU). The 
system was then used to analyse a variety of bulk and thin film semiconducting materials 
currently being studied in the Physics Department. 
 
Silicon wafers were exposed to hydrogen plasma. Raman analysis of hydrogen induced 
platelets (HIPs), resulting from hydrogen plasma treatment of silicon, is reported. 
 
ZnO layers were deposited on glass, GaAs, Si, sapphire and SiC-Si substrates by metal-
organic chemical vapour deposition (MOCVD) in the Physics Department at the NMMU. 
It was found that the ZnO layers grown by MOCVD all exhibited a strong E2 (high) 
phonon mode that dominated the Raman spectra. Furthermore, the spectra lacked the A1 
(LO) phonon mode which is usually associated with the O-vacancy, the Zn-interstitial, or 
complexes of the two, indicating that the layers were all of good quality. The influence of 
depositing the ZnO thin film on a 3 µm thick SiC layer was also investigated and 
compared with the deposition of ZnO on Si substrate, in order to reduce the lattice 
mismatch between ZnO and the Si substrate. The possible shift of the Raman peaks due 
to the residual strain in the film, if present, could not be resolved. 
 
Characterization of GaN and AlxGa1-xN produced by MOCVD at the CRHEA laboratory 
of the CNRS in Valbonne, France is reported.  A sharp peak at 567 cm-1 corresponding to 
the E2 (high) mode of GaN broadens and shifts to higher wavenumbers as the aluminium 
content of the AlxGa1-xN is increased. The shift is accompanied by a decrease in the 
intensity and a broadening of this peak. The broadening was attributed to a general 
decrease in the quality of the layers which accompanies increased aluminium content in 
AlxGa1-xN. 
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Chapter 1 
 
INTRODUCTION 
             
 
 
As early as the 1920’s, scientists predicted that the radiation scattered from molecules 
contained not only photons with energies equal to those of the incident photons, but also 
some with a changed energy and correspondingly changed frequency. It was only in 1928 
that an Indian physicist, named Chandrasekhara Venkata Raman, experimentally 
confirmed this with his experiments on various liquids. In 1930, he was awarded the 
Nobel Prize for Physics for his work related to this newly discovered phenomenon. To 
honour him, the technique was named after him. 
 
In last 10 years, Raman spectroscopy has gained renewed interest as an analytical 
technique. This is in part due to the development of charge coupled devices (CCDs), used 
to capture the weak Raman scattered signals obtained from Raman spectroscopy. Raman 
spectroscopy, together with infrared spectroscopy, will give almost complete information 
about the vibrational spectrum of a molecule in the ground electronic state. 
 
Raman spectroscopy may be used to determine many properties of various materials. It is 
used for compositional determination of materials, for stress and strain profiling, it forms 
the basis of a contactless thermometric technique and may even be used to determine the 
crystal structure and orientation of semiconductor and other crystalline materials. 
 
The increased use of optoelectronic devices has sparked interest in the study of various 
semiconductor materials. The main focus of this dissertation is the study of ZnO thin 
films and the AlxGa1-xN alloy system, utilizing Raman spectroscopy as an analytical 
technique. 
 
Until recently, most semiconductor optical devices operated from the IR to green 
wavelengths. Since most imaging and graphics applications, however, utilize the three 
primary colours (namely red, green and blue), there is great interest in developing 
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efficient blue semiconductor diodes [Zi et al, (1996)]. Indeed, blue light-emitting-diodes 
(LEDs) based on Si-doped GaN have been commercially available since the 1990s 
[Koide et al, (1991)]. However, blue laser diode technology is still a relatively new 
technology, and much research is still needed. ZnO and GaN (as well as the AlxGa1-xN 
alloy system) are two semiconductor materials that make ideal candidates for this 
technology.  
  
Research into thin films of the semiconductor ZnO has increased significantly in recent 
years, partly due to the fact that ZnO has a large exciton binding energy (60 meV). This 
large binding energy could lead to lasing action based on exciton recombination even at 
room temperature [Özgür et al, (2005)]. Unlike other semiconducting materials being 
studied for the development of blue laser diodes, ZnO substrates are readily available.  
 
The other semiconductor material that is currently of great interest is the AlxGa1-xN alloy 
system, since it is so well suited for applications in group III nitride-based optoelectronic 
and electronic devices [Yoshikawa et al, (2000)]. The advantage of using AlxGa1-xN is 
the fact that its bandgap is tuneable in a wide region ranging from approximately 3.44 eV 
for x = 0 to 6.28 eV for x = 1. 
 
Another technology that has received a great deal of attention is the so-called “Smart-cut” 
technology. Since hydrogen induced platelets play a basic role in the Smart-cut 
technique, two smaller sections on using Raman spectroscopy to analyze hydrogen 
plasma treated silicon have been included in this dissertation in sections 3.1.1 and 5.1.2. 
 
The dissertation is organised as follows: 
In chapter 2, a basic overview of the theory of Raman spectroscopy as well as a brief 
discussion of the uses of Raman spectroscopy will be given. Some of the relevant 
properties of the analysed semiconductor thin films will be presented in chapter 3.  
In chapter 4, a typical Raman system will be described. Results related to the analysed 
semiconductor materials will be presented and discussed in chapter 5. Finally, 
conclusions will be made about the results that were obtained in this dissertation. 
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Chapter 2 
 
THEORY OF RAMAN SPECTROSCOPY 
             
 
 
 
 
2.1 Historical overview 
 
In the 1920’s, there was a rapid development of the quantum mechanical theory of light 
scattering. In 1923, an Austrian physicist named Smekal, predicted that the radiation 
scattered from molecules contained not only photons with energies equal to that of the 
incident photons, but also some with a changed energy and correspondingly changed 
frequency [Smekal, (1923)]. Physicists such as Kramers and Heisenberg (1925), 
Schrödinger (1926) and Dirac (1927) predicted this as well. In 1928, this was 
experimentally confirmed when Chandrasekhara Venkata Raman, an Indian physicist, did 
some experiments on various liquids [Raman and Krishnan, (1928)]. For his 
achievements, he was awarded the Nobel Prize for Physics in 1930 and the phenomenon 
now carries his name. 
 
The instruments used for the recording of Raman spectra consisted until as recently as the 
1980’s, of the units presented schematically in Fig. 2.1. Radiation from a mercury lamp 
(1) passed through a filter (2), consisting, for example, of aqueous sodium nitrite solution. 
The monochromatic light obtained via this method was used for illuminating the sample 
(3). The scattered radiation was observed at an angle of 90º to the incident beam. It was 
dispersed by a glass prism (4) and captured on a photographic plate (5). 
 
The resulting spectrum consisted of a very strong line corresponding to the incident 
radiation wavelength (Rayleigh scattering) and of weak and very weak Raman scattered 
bands positioned symmetrically on either side of the central line, respectively. It was seen 
that the frequency shift of those bands with respect to the Rayleigh line is characteristic 
and constant for a given substance and is independent of the incident radiation frequency 
[Barańska et al (1987), pg10]. 
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Since then, Raman spectroscopy has seen many changes such as improvements in the 
sources of illumination (lasers) as well as improved means of signal detection (CCDs). 
Today, laser Raman spectroscopy has established itself as an important method for 
providing information about various materials, including semiconductor thin films. It 
may be used to give one detailed information such as crystal structure, crystal orientation, 
stress and strain profiles of a material, compositional information and many other 
important properties. 
 
The use of lasers in Raman spectroscopy has also made it possible to demonstrate effects 
associated with the Raman effect that were unknown earlier, such as the resonance 
Raman effect.  
Fig 2.1 - (a) A diagrammatic representation of one of the first Raman 
spectrographs. (1) Mercury-arc lamp. (2) Solution filter. (3) Sample. (4) 
Dispersive prism. (5) Photographic plate. (b) Raman spectrum registered on 
photographic plate. (0) Rayleigh scattering line, νRay, equal to the exciting line 
frequency, (I) Raman Stokes scattering band, νR(St), (II) Raman anti-Stokes 
scattering band, νR(aSt). [Barańska et al (1987), pg 10] 
ν 
λ 
(a) 
(b) 
1 2 
3 
4 
5 
I II 0 
∆ν ∆ν 
νR(St) νRay νR(aSt) 
∆ν = νRay - νR(St) = νR(aSt) - νRay 
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The resonance Raman effect occurs when the frequency of the exciting radiation is very 
close to or even lies within an electronic absorption of a molecule being analysed. When 
this criterion is met, some of the peak intensities observed in the Raman spectra of the 
analysed molecule will increase significantly. In this way, it is possible to increase the 
detectability of a component in a sample that one may wish to analyse. For a 
semiconductor, the resonance Raman effect will occur when the incident radiation is 
resonant with one of the electronic band states. 
 
 
2.2 Basic theory of the Raman effect 
 
When electromagnetic radiation irradiates a molecule or a particle, the energy of that 
radiation may be transmitted, absorbed or scattered. When radiation is scattered by 
particles such as smoke or fog, it is known as the Tyndall effect. Rayleigh scattering 
involves the scattering of radiation by molecules. Rayleigh scattering is named after Lord 
Rayleigh, who showed that the blue sky results because air molecules scatter sunlight.  
There is no change in the wavelength (or frequency) of individual photons scattered 
during the Tyndall or Rayleigh scattering [Colthup et al (1964), pg 27]. Raman 
spectroscopy, on the other hand, is concerned with the phenomenon of a change of 
frequency when electromagnetic radiation is scattered by molecules [Woodward (1967), 
pg 1]. Raman scattering occurs when electromagnetic radiation interacts with a molecule. 
It is accepted that electromagnetic radiation consists of both a particle- and wavelike 
nature, and for this reason, Raman scattering may be described in two ways. Some of the 
first interpretations were based on wave theory, which was a classic approach to 
electromagnetic radiation. More recently it has become favourable to make use of the 
quantum interpretation of electromagnetic scattering. 
 
Electromagnetic radiation consists of particles known as photons. The energy of a photon 
is related to its corresponding wave frequency by Planck’s formula: 
 
υhE =     …(2.1) 
 
where h is Planck’s constant. 
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The interaction of a photon with a molecule can result in one of the following three 
phenomena: absorption, emission and scattering. 
 
Absorption is a process that may take place if the photon energy corresponds to the 
difference between two stationary energy levels of the molecule. 
 
Emission occurs from an excited molecule, at some time equal to or greater than the 
lifetime of the molecule in the initial excited level. The energy of the emitted photon is 
equal to the difference between the two stationary energy levels of the molecule. 
 
Scattering of radiation is a significantly faster process (occurs in 10-14 s) and is due to the 
interaction of a photon and a molecule when the photon energy does not correspond to 
the difference between any two stationary energy levels of the molecule. Scattering may 
occur without a change in energy of the incident photon (Rayleigh scattering) or with 
some change in energy of the photon (Raman scattering).  
 
(a) (b) 
Rayleigh Raman (Stokes) Raman (anti-Stokes) 
ν ν 
hνR(St) hνR(aSt) 
E 1 
1 
hν0 
hν0 
ν ν 
0 0 
Fig 2.2 - (a) Resonance fluorescence. (b) Rayleigh , Raman Stokes and Raman anti-
Stokes scattering. (0) Denotes the ground electronic state and (1) denotes the first 
excited electronic state. (ν) Indicates vibrational energy levels. [Barańska et al 
(1987), pg 12] 
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The normal Raman effect takes place as a result of the interaction of a molecule and a 
photon with energy distinctly lower than the difference between the first excited and 
ground electronic states of the molecule. In order to illustrate the different phenomena 
discussed, resonance fluorescence and scattering are compared in Fig 2.2 
 
Resonance fluorescence consists of two single-photon processes, which can 
experimentally be distinguished, namely absorption of the incident photon, and separated 
by a certain period known as the lifetime, emission of an identical photon (occurring in a 
time of the order of 10-8 s) 
 
Scattering, on the other hand, is also a two-photon process, but cannot experimentally be 
separated into two distinct single-photon steps as with resonance fluorescence. 
 
A photon with initial energy hνo, interacting with a molecule, may proceed with 
unchanged energy (Rayleigh scattering), decreased energy hνR(St) (Raman Stokes 
scattering or increased energy hνR(aSt) (Raman anti-Stokes scattering). This terminology 
arose from Stokes’ rule of fluorescence which stated that fluorescent radiation always 
occurs at longer wavelengths (thus decreased energy) than that of the exciting radiation 
[Colthup et al (1964), pg 30]. 
 
Figure 2.3 shows the different scattering mechanisms when identical molecules are 
irradiated with monochromatic light. The electronic levels, ground state (0) and first 
excited state (1) as well as the accompanying vibrational levels are indicated. The dashed 
lines indicate two non-stationary (virtual) levels of the molecule, and are separated by an 
energy hνv, corresponding to a frequency νv, which is the frequency of one of the possible 
normal vibrations of the molecule. According to Boltzmann statistics, only a small 
fraction of the molecules are in a first excited vibrational state. If the molecules are 
irradiated with monochromatic radiation, say a photon with energy hνo, we observe a 
spectrum, a part of which is shown schematically in Fig 2.3 (b). 
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The central line in Fig 2.3 (b) has a very strong intensity and is known as the Rayleigh 
line. The frequency νRay that corresponds to the Rayleigh line is equal to the frequency of 
the incident light. The intensity of the Rayleigh line is approximately 103 - 104 times 
more intense than the accompanying Raman scattered lines. The Raman Stokes scattered 
line is at a lower frequency νR(St) and the Raman anti-Stokes scattered line at a higher 
frequency νR(aSt) than the Rayleigh line. The absolute values of the differences between 
the frequencies (νv) of the Rayleigh and Stokes and Rayleigh and anti-Stokes lines are 
equal. This shift is characteristic of the molecules, and independent of ν0. The intensity of 
the Raman Stokes scattered line is approximately two orders of magnitude greater than 
that of the anti-Stokes scattered line due to the difference of the ground and excited 
hνv hνv 
     I 
1000 
100 
10 
1 
0.1 
0.01 
0.001 
νR(St) νRay νR(aSt) 
0 
E 
hν0 
hν0 hνRay hνR(aSt) 
ν 
hνv 
hνv 
hνR(St) 
ν 
1 
 (a) 
 (b) 
Fig 2.3 - (a) Diagram of scattering during illumination of the sample with 
monochromatic light. (b) Part of the resulting spectrum. [Barańska et al (1987), 
pg 13] 
 9 
vibrational state populations given by Boltzmann statistics at room temperature. In many 
molecules at normal temperatures, the initial population of the excited state is so low that 
anti-Stokes transitions may be too weak to be observed For this reason, Raman 
spectroscopy consists mainly of the measurement of the Stokes bands. According to 
Herzberg (1966b), no anti-stokes vibrational Raman lines have ever been observed for 
diatomic molecules. In the case of polyatomic molecules, only anti-stokes Raman lines 
for the smaller frequencies have been observed. 
 
2.3 Selection rules 
 
Both Raman and infrared absorption spectroscopy deal with vibrational transitions of 
molecules. The Raman effect is of great importance in spectroscopy, due to the fact that 
not all conceivable vibrational transitions can give rise to absorption lines measured in 
infrared spectroscopy. Together, these two spectroscopic techniques will give almost 
complete information about the vibrational spectrum of a molecule in the ground 
electronic state. The methods are complimentary due to the nature of the phenomena on 
which they are based. They are also complimentary because of the differing nature of the 
measuring techniques involved and their specific usefulness in different structural and 
analytical problems [Barańska et al (1987), pg 25].  
 
 When analysing gaseous media, a vibrational transition is generally accompanied 
by rotational transitions, and the resulting Raman feature is actually a vibration-rotation 
band (also known as a “ro-vibrational” band) [Woodward (1967), pg 17]. Therefore, in 
analysing semiconductor materials, one should realize that it is quite possible to see ro-
vibrational bands due to gases such as H2 being present in the materials [Lavrov and 
Weber (2002)]. Raman spectra consist of sets of these ro-vibrational bands corresponding 
to the combination of vibrations of atoms in the molecule and rotations of the molecule 
itself. One may precisely characterise a molecule by the number, frequency and 
amplitude of these vibrations.  
 
 The complementarity of Raman and infrared spectroscopy results from the 
different selection rules, which determine the appearance in the Raman and/or infrared 
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spectrum of a band corresponding to a given vibration of the molecule. Refer to table 2.1 
for more details. 
 
The selection rules may be summed up in two rules: 
 
(1)  If the vibration causes a change in the dipole moment µ, it is active in the 
 infrared spectrum. This occurs when the vibration changes the symmetry of 
 charge density distribution, i.e. if  0
o
Q
µ ∂
≠ ∂ 
.  
(2)  If the vibration produces a change of the molecular polarizability α, it is active in 
 the Raman spectrum. This occurs if 0
o
Q
α ∂
≠ ∂ 
,  
where Q is the vibrational normal coordinate [Koningstein (1972), pg 103 and 
Steele (1971), pg 3]. 
  
One or both of these conditions may be fulfilled depending on the symmetry of the 
molecule. There exists the rule of mutual exclusion, which states that if there is a centre 
of symmetry in the molecule, a vibration that is active in the infrared spectrum is inactive 
in the Raman spectrum and vice versa. 
 
In the case of molecules lacking a centre of symmetry, a number of the vibrations will 
appear in both spectra. These vibrations often differ with regards to their relative 
intensities. For instance, the vibrations of strongly polar functional groups are more 
readily observed in the infrared spectrum, while the vibrations of double and triple bonds 
and the carbon-skeleton of the molecule are better seen in the Raman spectrum. Totally 
symmetric vibrations are only (or much better) visible in the Raman spectrum. Table 2.2 
summarises some of the more common molecular bonds and their relative intensities in 
Raman and infrared spectra. 
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Table 2.1 – Selection rules of rotational and vibrational transitions in infrared and
 Raman spectroscopy [Barańska et al (1987), pg 190] 
 
Type of transition Infrared Raman 
1. The energy of the photon matches 
the energy difference of rotational 
levels: hν = ∆Erot 
1. The energy difference of the 
incident and scattered photon matches 
the energy difference of rotational 
levels: hνo – hνs = ∆Erot 
2. A permanent dipole moment is 
necessary 
2. A permanent dipole moment is 
unnecessary – can be recorded 
rotational spectra of homonuclear 
gases, e.g. N2, O2 
Rotations (observed 
in gases only; in 
liquids and solids 
they are almost 
completely 
damped) 3. Transitions occur between 
neighbouring rotational levels: ∆J = 
0, ±1 (∆J – change in the rotational 
quantum number) 
3. ∆J = 0, ±1, ±2 
1. The energy of the photon matches 
the energy difference of vibrational 
levels: hν = ∆Evib 
1. The energy difference of the 
incident and scattered photon matches 
the energy difference of vibrational 
levels: hνo – hνs = ∆Evib 
2. The dipole moment changes 
during vibration: 
0
o
Q
µ ∂
≠ ∂ 
 
2. There is a change in polarizability 
during vibration: 
0
o
Q
α ∂
≠ ∂ 
 
Vibrations 
3. ∆υ = +1, +2, +3, … 
(∆υ is the change in the vibrational 
quantum number) 
3. ∆υ = ±1, ±2, ±3, … 
(transitions for ∆υ =  ±2, ±3, …,  i.e. 
overtones are considerably less 
conspicuous than in IR) 
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Table 2.2 – Band intensities in the vibration-rotation infrared and Raman spectra 
[Barańska et al (1987), pg 191] 
Group 
Infrared (IR) 
(relative absorbance) 
Raman 
(relative intensity) 
Polar groups with high permanent 
dipole moment, e.g. OH, NH, CO 
very strong weak 
C-S 
S-S 
Si-O-Si 
medium 
strong 
or very strong 
C=C 
C≡C 
strong very strong 
Skeletal vibrations medium strong 
Totally symmetric vibrations, 
particularly of aromatic and alicyclic 
rings 
very low 
or zero 
(forbidden in IR) 
strong 
or very strong 
H2 molecules 
very low 
or zero 
(forbidden in IR)  
strong 
  
To understand why there are such differences in the selection rules and the 
recorded intensities of the infrared and Raman bands corresponding to the same vibration, 
it is necessary to consider the behaviour of an anharmonic oscillator, used as a model of 
the vibrations of a molecule. 
  
A molecular oscillator interacts with radiation and passes from energy state n to 
state m if certain conditions are fulfilled. The transition of a molecule from one energy 
state to another can take place when the probability of that transition is not equal to zero. 
The transition probability in the case of infrared absorption is proportional to the square 
of the absolute value of the transition moment, which is given by the equation: 
*
nm n mM dQµ
+∞
−∞
= Ψ Ψ∫     …(2.2) 
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where Ψn and Ψm are the wave functions of states n and m, the dipole moment µ of the 
molecule is the transition operator, and the integration is carried out over the normal 
coordinate Q of the vibration. [Barańska et al (1987), pg 26 and Hollas (1996), pg 121] 
Therefore, if there is no change of the dipole moment over the normal coordinate of the 
vibration, the transition moment equals zero and the transition is inactive in the infrared 
spectrum. 
 
 In the case of the Raman spectrum the transition moment is given by the 
expression:  
( ) *ij n ij mnm dα α τ
+∞
−∞
= Ψ Ψ∫    …(2.3) 
where polarizability α is the transition operator and integration is made over the 
volume element dτ, since polarizability is a tensor and not a vector like the dipole 
moment. The measured integral intensity of the Raman band is proportional to the square 
of the polarizability derivative along the normal coordinate and therefore depends on the 
magnitude of polarizability variations during vibration. 
 
 The following question now arises: Why during the same vibration will only the 
polarizability or only the dipole moment change, since the values of both of these 
quantities depend on the possibility of displacement of the nuclei and electrons in the 
molecule? One must remember that the variation of the dipole moment or the 
polarizability responsible for the vibration activity in the given spectrum relates to the 
molecule as a whole and not to its particular elements. For this reason the symmetry of 
the molecule and the symmetry of vibration are decisive for the activity of a vibration. 
 
 The CO2 molecule is a simple example of accordance of the given selection rules 
with experiment. The molecule has four degrees of freedom and thus four normal 
vibrations: ν1 – symmetrical stretching vibration, ν3 – antisymmetrical stretching 
vibration, ν2,4 – bending vibration, doubly degenerate. In figure 2.4 the variation of the 
polarizability and dipole moment during vibrations ν1 and ν3 are presented for the CO2 
molecule as a whole.  
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In symmetrical molecules it may happen that for certain vibrations the polarizability does 
not change [Herzberg (1966b), pg 242]. The CO2 molecule is an example of such a linear 
symmetrical molecule. During the molecule’s ν1 vibration, the polarizability is larger than 
the equilibrium value in one half period of the vibration, and smaller in the other. The 
polarizability thus changes linearly with the normal coordinate, as indicated by curve I in 
figure 2.5. During the vibrations ν2,4 and ν3 the polarizability is obviously the same at 
opposite phases during the motion of the molecule, as indicated by curves II and III in 
figure 2.5. For small amplitudes of vibration, the polarizability does not change, and 
vibrations ν2,4 and ν3 are thus Raman inactive.  
 
The variation of the dipole moment and polarizability for the molecule as a whole (and 
not for the individual bonds), in the cases of the particular vibrations, are as follows: 
 
( )1ν           O C O= =s r       0
o
Q
µ ∂
= ∂ 
    0
o
Q
α ∂
≠ ∂ 
 
( )3ν          O C O= =s r r       0
o
Q
µ ∂
≠ ∂ 
     0
o
Q
α ∂
= ∂ 
 
( )2,4ν        O C O
O C O
↑
↓ ↓
⊕ ⊕
= =
= =

      0
o
Q
µ ∂
≠ ∂ 
     0
o
Q
α ∂
= ∂ 
 
Fig 2.4 – change of polarizability and dipole moment of the CO2 molecule during 
symmetric - ν1 and antisymmetric – ν3 stretching vibrations. [Barańska et al 
(1987), pg 27] 
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 The vibrations ν3 and ν2,4 are active only in the infrared spectrum, while the ν1 
vibration is active only in the Raman spectrum. The CO2 molecule has a symmetry centre 
and, as is seen, the rule of mutual exclusion is fulfilled. 
 
 
2.4 Uses of Raman spectroscopy 
 
 
Raman spectroscopy has been used for the study of semiconductors as far back as the 
1970s. It allows identification of the material and yields information about phonon 
frequencies, energies of electron states and electron-phonon interaction, carrier 
concentration, impurity content, composition, crystal structure, crystal orientation, 
temperature and mechanical strain [De Wolf, (2003)]. 
 
 
 
 
Fig. 2.5 – Schematic representation of 
polarizability of CO2 molecule as a 
function of normal coordinates. 
[Herzberg (1966b), pg 242] 
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2.4.1 Compositional determination  
 
With the first discovery of Raman spectroscopy in 1928, it was seen that the Raman 
Stokes and anti-Stokes bands obtained from various substances were characteristic and 
constant for a given substance. Raman spectroscopy, together with infrared spectroscopy, 
may thus be used to determine the composition of most substances if reference spectra 
are available. It may also be used to verify that a material contains certain constituents. 
For example, Raman spectroscopy can easily be used as a forensic tool for police 
investigations, as it may be used to identify drugs without destroying the evidence. 
Raman spectroscopy may even be used to determine whether a gem believed to be 
diamond, is in fact a diamond, due to the presence or absence of a very specific phonon 
vibrational band present in the Raman spectrum of diamond. Other than verifying 
whether a diamond is in actual fact a real diamond, Raman spectroscopy can also be used 
to determine what the origin of a specific natural diamond is by comparing the Raman 
spectrum of the unknown diamond with spectra from diamonds found in various parts of 
the world. Figure 2.6 shows the Raman spectrum of a natural diamond, measured at the 
Nelson Mandela Metropolitan University 
Fig. 2.6 – Room temperature Raman 
spectrum of natural diamond taken in the 
Raman lab at the Nelson Mandela 
Metropolitan University 
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2.4.2 Stress and strain profiling 
 
Raman spectroscopy is an extremely convenient method to measure stress in 
semiconductor materials. Since the first reports by Anastassakis et al (1970) on the 
sensitivity of the Raman peak for mechanical stress, the technique has been applied more 
and more as a stress sensor. Micro-Raman spectroscopy, in particular, is very useful for 
local stress studies since spatial resolutions of less than 1 µm can be obtained. The 
Raman spectra of semiconductor materials are affected in two main ways when stress is 
applied to those materials: Stress gives rise to blue shifts (compressive stress) or red 
shifts (tensile stress) of certain phonon peaks in the Raman spectra, and stress may cause 
degenerate phonon lines to split due to a lifting of the degeneracy [Loechelt et al, (1995)]. 
According to De Wolf (1996), a first requirement for a study of local mechanical stress is 
that the material exhibits Raman active modes, i.e. there is a well defined Raman peak in 
the spectrum. A pressure scale known as the ruby scale, first proposed by Aleksandrov et 
al (1987), was based on an extrapolated correlation of the diamond Raman shift and ruby 
fluorescence [Zha et al, (2000)]. 
 
2.4.3 Contactless thermometry 
 
As mentioned in section 2.2, the intensities of the Stokes and anti-Stokes Raman signals 
are related to Boltzmann statistics. Raman spectroscopy may be thus be used as a 
contactless thermometric technique by making use of the ratio of the Stokes and anti-
Stokes Raman signals of a material. The temperature of a substance may be determined 
using Raman scattering, by making use of the following formula [Murata et al, (1983)]: 
 
( ) ( )
( ) ( )
4
4exp
aSt i
B St i
Ihc
k T I
µ µµ
µ µ
ω ω ωω
ω ω ω
− 
− = 
+ 
   …(2.4) 
 
where ωµ (in cm-1) is the Raman shift of the phonon peak used to determine the  
temperature, ωi (in cm-1) is the frequency of the exciting radiation and IaSt and ISt are the 
peak intensities of the Raman anti-Stokes and Stokes signals of the substance, 
respectively. 
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2.4.4 Determination of crystal structure and orientation 
 
Raman spectroscopy may be used to determine crystal structure, crystal orientation and 
even for determining whether a material is single crystal, polycrystalline or amorphous. 
This is due to the fact that Raman spectroscopy is extremely sensitive to crystal structure. 
According to Richter et al (1981), the Raman Stokes line shifts, broadens and becomes 
asymmetric for microcrystalline Si with grain sizes below 100 Å. In amorphous silicon 
(a-Si), the Raman spectrum resembles the phonon density of states with a broad 
prominent hump at 480 cm-1. Thus, by observing whether the silicon sample has this 
hump at 480 cm-1 or a sharp line at 520 cm-1 one may differentiate between amorphous 
and crystalline Si. As mentioned previously in this section, Raman spectroscopy may also 
be used to differentiate between various crystal orientations of a material. Different 
crystal orientations give slightly different Raman shifts, e.g. scattering by transverse 
optical (TO) phonons is forbidden in (100)-orientated GaAs. Damage and structural 
imperfections may however induce scattering by forbidden phonons, which allows for the 
monitoring of implantation damage and various other origins of structural damage 
[Schroder, (1998)]. Raman spectroscopy may even be used to distinguish between 
different polytypes of a crystalline material, such as the 3C, 2H, 4H, 6H and 15R 
polytypes of silicon carbide (SiC) [Nakashima and Harima, (1997)]. 
 
All Raman scattering is partially polarized. This is even the case for molecules in a gas or 
liquid where the individual molecules are randomly orientated. 
 
Polarization effects are more complicated in a crystalline material than those seen in non-
crystalline materials. The polarization components depend on the orientation of the 
crystal axes with respect to the plane of polarization of the input light, as well as on the 
relative polarization of the input and the observing polarizer (analyser). One may 
determine the crystal structure and orientation of a crystalline material by changing the 
polarization of the incident radiation and that of the analyser. 
 
Another useful technique for determining the crystal structure of a material is by 
changing the detection geometry, since certain Raman modes are forbidden in certain 
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detection geometries. This is governed by various selection rules. Raman scattered 
radiation may be collected in a backscatter, pseudo-backscatter, 90 º scatter and forward 
scatter geometry. Thus, by combining the various detection geometries with different 
polarizations of the incident radiation, and making use of the various selection rules, one 
may obtain valuable information about the crystal structure of the material being 
analysed. 
 
 
2.5 Advantages and disadvantages of the Raman technique 
 
 
2.5.1 Advantages of the Raman technique 
 
• One of the most important advantages of the Raman technique is the fact that it is 
a contactless and non-destructive technique (provided the excitation intensity is 
kept below a “safe” value for the material being analysed). Raman spectroscopy 
may thus be used in a wide variety of fields, including the fields of medical 
science, historical art, physics, the biological sciences and chemistry. 
• Raman spectroscopy may be used to analyse a wide range of substances, 
including solids, liquids and various gases. Unlike infrared spectroscopy, Raman 
spectroscopy has the advantage that water may be used as a solvent for the 
substances to be analysed. This is due to the fact that the Raman signal of water is 
extremely weak and virtually negligible. 
• With the discovery of lasers and due to improvements in signal detection (with the 
creation of charge coupled devices and improved spectrometers and laser filters), 
it has become much easier to obtain Raman spectra. Raman spectroscopy may 
thus be used to analyse samples of extremely small concentrations/quantities. This 
is especially helpful in the fields of forensic science and narcotics, where samples 
are small or difficult to obtain. 
• With very little sample preparation required, Raman spectroscopy is a relatively 
quick technique to obtain spectroscopic information about a material. 
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2.5.2 Disadvantages of the Raman technique 
 
• A disadvantage of Raman spectroscopy is the fact that the intensity of the Raman 
Stokes signal is weak compared to the Rayleigh scattered signal. It is thus 
necessary to use special filters to remove the Rayleigh scattered radiation. 
However, with improvements of signal detection, this problem has become less 
significant. 
• Raman spectroscopy is a qualitative rather than a quantitative analytical 
technique. To obtain quantitative information from a Raman spectrum is not 
simple, as it requires information about the Raman cross section of the material. 
 
 
To conclude, it must be remembered that, despite these advantages and disadvantages, the 
Raman technique is important as it is based on a fundamental physics principle. 
 
In chapter 3 some of the relevant properties of the analysed semiconductor thin films will 
be given. 
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Chapter 3 
 
PROPERTIES OF ANALYSED SEMICONDUCTOR MATERIAL 
                        
 
 
It is important to have some background of the properties of semiconductor materials in 
order to be able to successfully analyse various semiconductor materials. In this chapter, 
we will briefly look at three main semiconductor materials, namely: silicon, zinc oxide, 
and AlxGa1-xN (which includes the important opto-electronic semiconductor, GaN). For 
each of these materials, the relevant properties such as crystal structure and Raman 
phonon modes, needed to interpret the results to be presented in Chapter 5, are given. 
 
3.1 Silicon (Si) 
 
Silicon is probably one of the most important and most studied of all semiconductor 
materials due to its use in the computer and electronics industries. Under normal 
conditions (standard pressure and temperature), silicon crystallizes in a diamond lattice 
structure, which belongs to the 7hO  space group [Madelung (1996), pg 15]. The diamond 
structure of silicon allows only one first-order Raman active phonon of symmetry 
'25Γ [Temple et al (1973)] located at the Brillouin zone centre corresponding to a phonon 
frequency of 15.56 ± 0.03 THz  [Wybourne (1988), pg 41] or 519.0 ± 1.0 cm-1. In Raman 
spectroscopy of solids, silicon is widely used as a reference to calibrate and optimise the 
fine-tuning of Raman systems. During the lens alignment of our homebuilt Raman 
system, we made use of the silicon LO-TO phonon mode at approximately 520 cm-1 [Y. 
Ohmura et al (2001)] to optimise the Raman signal collected by the CCD detector. 
 
As early as 1967, the existence of two-phonon scattering in the 900 - 1100 cm-1 region 
was reported by Parker et al (1967) and subsequently identified by Temple et al (1973). 
The shoulders at 940 and 975 cm-1 were assigned to a two TO-phonon overtone at W and 
a two TO-phonon overtone at L, respectively [Temple et al (1973)]. Table 3.1 compares a 
few of the more important phonon frequencies of silicon, as reported in three references.  
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TABLE 3.1 - Si: Phonon Frequencies (in units of 1012 Hz) 
Physical 
property 
Madelung et 
al (1996), pg 
16a 
Levinshtein et 
al (2001), pg 
184b 
Wybourne (1988), 
pg 42c 
Phonon 
frequencies (in 
units of cm-1)d 
LTO (
'25Γ ) 15.53 15.5 15.56 ± 0.03 517 - 519 
TA (X3) 4.49 4.5 4.53 ± 0.06 149 - 151 
LAO (X1) 12.32 12.3 - 410 - 411 
TO (X4) 13.90 13.9 13.79 ± 0.06 460 - 464 
TA (L3) 3.43 3.45 3.39 ± 0.06 113 - 115 
LA (
'2
L ) 11.35 11.3 - 377 - 379 
LO (L1) 12.60 12.6 - 420 
TO (
'3L ) 14.68 14.7 14.69 ± 0.06 490 
TO (W) - - 14.09 ± 0.06 470 
a
 From inelastic neutron scattering at 296 K 
b
 From dispersion curves of silicon 
c
 From Raman spectroscopy 
d
 Converted to units of cm-1 from values given by a, b and c  
 
 
3.1.1 Hydrogen plasma treatment of silicon 
 
The study of the behaviour of hydrogen in Si has received a great deal of attention in 
recent years due to its technological importance, since hydrogen may interact with defects 
and impurities in Si, resulting in a modification of the electrical properties of the material 
[Pearton et al (1992)]. Hydrogen is present during the growth and post growth processing 
of Si. It is also known that hydrogen is responsible for the formation of defects in Si. The 
defects usually manifest as voids formed by the hydrogen plasma-induced platelets 
generated during hydrogen plasma treatment. These platelets may be tens of nanometres 
in length and it is believed that they are aligned along {111} crystallographic planes 
giving rise to a dilation of the lattice by about 20-30 %. [Muto et al (1995)]. According to 
Leitch et al (1999), these platelets are most likely formed through the hydrogen 
passivation of Si-Si bonds broken at the type I (111) plane during the hydrogen 
introduction process. The resulting Si-H bonds have a characteristic Raman band around 
2100 cm-1 [Johnson et al (1987), Leitch et al (1998), Ishioka et al (2001) and Ma et al 
(2005)]. If the hydrogen plasma treated samples are annealed, the band at 2100 cm-1 may 
be decomposed into one, two or three subpeaks depending on the annealing duration. In 
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Chapter 5, the Raman signal associated with Si-H bonds in Si after exposure to H-plasma 
will be presented. 
 
3.2 Zinc Oxide (ZnO) 
 
ZnO is one of the group II-VI binary compound semiconductors, which crystallize in 
either the cubic zinc-blende structure or the hexagonal wurtzite structure [Özgur et al 
(2005), pg 3]. In these structures, each anion is surrounded by four cations at the corners 
of a tetrahedron, and vice versa. This tetrahedral coordination is typical of sp3 covalent 
bonding, but the group II-VI materials also display substantial ionic character. ZnO is a 
group II-VI compound with ionicity (86% ionic on Pauling scale) on the boundary 
between that of a covalent and ionic semiconductor. ZnO crystallizes in the wurtzite, 
zinc-blende and rocksalt crystal structures. At standard conditions, ZnO is most 
thermodynamically stable in the wurtzite structure. The zinc-blende structure of ZnO may 
be stabilized by growth on cubic substrates and the rocksalt (NaCl) structure is only 
found under relatively high-pressure conditions [Özgur et al (2005), pg 3].  
 
In our studies, we focus on the wurtzite ZnO structure, which consists of four atoms per 
unit cell, giving rise to 12 phonon modes, namely one longitudinal-acoustic (LA), two 
transverse-acoustic (TA), three longitudinal-optical (LO), and six transverse-optical (TO) 
branches [Özgur et al (2005), pg 15]. In the zinc-blende polytypes, there are two atoms 
per unit cell, resulting in 6 phonon modes; three of which are acoustical (one LA and two 
TA) and the other three are optical (one LO and two TO) branches. 
 
The wurtzite structure belongs to the 46vC  space group [Al Asmar et al (2005) and Ye et 
al (2003)], with two formula units per primitive cell. Group theory predicts that the 
phonon modes belong to 2A1 + 2B1 + 2E1 + 2E2. According to the selection rule of the 
phonon mode in the wurtzite structure of ZnO, A1 + E1 + 2E2 are active Raman modes 
since the B1 mode is inactive in both Raman and infrared spectroscopy. The A1 and E1 
modes are both polar and are split into transverse optical (TO) and longitudinal optical 
(LO) phonons with different frequencies due to the macroscopic electric field associated 
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with the LO phonons. The E2 mode is non-polar but consists of two modes, namely a 
high frequency and low frequency mode, characteristic of the wurtzite structure. The low 
frequency E2 mode is associated with the vibration of the Zn sublattice and the high 
frequency E2 mode is associated with only oxygen atoms [Özgur et al (2005), pg 16]. 
Table 3.2 compares a few of the more important phonon frequencies of ZnO as reported 
in four references. 
 
TABLE 3.2 – A comparison of the various reported phonon frequencies of wurtzite 
ZnO 
Phonon frequency (cm-1) 
Reference E2 (low) A1 (TO) E1 (TO) E2 (high) A1 (LO) E1 (LO) 
Damen et al 
(1966)a 101 380 407 437 574 583 
Arguello et al 
(1969)b 101 380 413 444 579 591 
Bairamov et al 
(1983)c 98 378 409.5 437.5 576 588 
Exarhos et al 
(1997)d - 380 413 437.5 579 591 
a From Raman spectroscopy (300 K) 
b From Raman spectroscopy (no temperature given; 300 K assumed) 
c From Raman spectroscopy (300 K) 
d From Raman spectroscopy (no temperature given; 300 K assumed) 
 
 
The E2 (high) phonon mode is usually the most intense peak in the Raman spectra of 
ZnO. This will be confirmed in Section 5.2.1, where the Raman spectrum of bulk ZnO is 
discussed. 
 
3.3 Gallium Nitride, Aluminium Nitride and AlxGa1-xN 
 
3.3.1 Gallium Nitride 
 
GaN is one of the group III-V binary compound semiconductors, which crystallize in 
either cubic zinc-blende or hexagonal wurtzite structures. Under normal conditions, GaN 
is most stable in the hexagonal wurtzite structure.  
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In this study, we consider GaN in the wurtzite structure. Since GaN has a wurtzite 
structure (similar to ZnO, which belongs to the 46vC  space group), we also find the 
following phonon modes for GaN: 2A1 + 2B1 + 2E1 + 2E2, of which A1 + E1 + 2E2 are 
Raman active modes. Table 3.3 compares a few of the more important phonon 
frequencies of GaN as reported in eight references. 
TABLE 3.3 – A comparison of the various reported phonon frequencies of wurtzite 
GaN 
Phonon frequency (cm-1) 
Reference E2  (low) 
A1 
(TO) 
E1 
(TO) 
E2 
(high) 
A1 
(LO) 
E1 
(LO) 
Cingolani et al 
(1986)a 143 533 559 568 710 741 
Kozawa et al 
(1994)b - 534 563 572 736 745 
Tabata et al 
(1996)c - 537 556 571 737 - 
Zi et al  
(1996)d 140 - - 569 - - 
Siegle et al 
(1997)e - 533 560 569 735 742 
Cros et al  
(1997)f - 533 561 568 735 740 
Davydov et al 
(1998)g 144 531.8 558.8 567.6 734.0 741.0 
Tripathy et al 
(2002)h 142 530 556 564 735 743 
a
 From Raman spectroscopy (300 K assumed) e From Raman spectroscopy (300 K) 
b
 From Raman spectroscopy (300 K)  f From Raman spectroscopy (300 K) 
c
 From Raman spectroscopy (300 K)  g From Raman spectroscopy (300 K) 
d
 From Raman spectroscopy (300 K assumed) h From Raman spectroscopy (300 K assumed) 
 
As with ZnO, the dominant phonon line for GaN is the E2 (high); this will be shown 
experimentally in section 5.3. 
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3.3.2 Aluminium Nitride 
 
Like GaN, AlN is one of the group III-V binary compound semiconductors. At normal 
pressure, AlN crystallizes in the hexagonal wurtzite structure. 
 
Since AlN also has a wurtzite structure (similar to GaN and ZnO, which belong to the 
4
6vC  space group), we also find the following phonon modes for AlN: 2A1 + 2B1 + 2E1 + 
2E2, of which A1 + E1 + 2E2 are Raman active modes. Table 3.4 compares a few of the 
more important phonon frequencies of AlN as reported in six references.  
 
TABLE 3.4 – A comparison of the various reported phonon frequencies of wurtzite AlN 
Phonon frequency (cm-1) 
Reference E2  (low) 
A1 
(TO) 
E1 
(TO) 
E2 
(high) 
A1 
(LO) 
E1 
(LO) 
Gorczyca et al 
(1995)a 236 629 649 631 - - 
Zi et al  
(1996)b 252 - - 660 - - 
Davydov et al 
(1998)c 248.6 611.0 670.8 657.4 890.0 912.0 
Bergman et al 
(1999)d 246 608 668 655 890 - 
Prokofyeva et al 
(2001)e 249.0 607.3 666.5 653.6 884.5 - 
Zhao et al  
(2005)f - 612 - 657 - - 
a
 Calculated values    d From Raman spectroscopy (300 K) 
b
 From Raman spectroscopy    e From Raman spectroscopy 
c
 From Raman spectroscopy (300 K)  f From Raman spectroscopy 
 
3.3.3 AlxGa1-xN 
 
AlxGa1-xN is one of the group III-V ternary compound semiconductors and crystallizes in 
the hexagonal wurtzite structure [Demangeot et al (1997)]. 
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When a percentage of gallium is substituted with aluminium in GaN, AlxGa1-xN is formed 
(x represents the percentage aluminium content in the material and 1-x the gallium 
content). By changing the gallium and aluminium content in AlxGa1-xN, it is possible to 
change the lattice constant (and hence the bandgap) of AlxGa1-xN with the resulting lattice 
constant falling somewhere in between the values of the lattice constant of GaN and AlN. 
Unlike many other III-V alloys, the lattice constant is not linearly proportional to the 
composition. This means that the lattice constant of AlxGa1-xN does not follow Vegard’s 
law [Yoshida et al, (1982)]. It is not just the lattice constant that changes with changing 
composition. A shift in the value of the E2 (high) and other phonon modes found in GaN 
and AlN are also found [Cros et al (1997a) and Demangeot et al (1997)]. According to 
Cros et al (1997a), the E2 (high) phonon mode changes linearly with composition. They 
found that AlxGa1-xN, with intermediate alloy compositions (x = 0.4 – 0.65), exhibited 
two-mode behaviour for certain phonon modes, i.e. Raman spectra for AlxGa1-xN showed 
the existence of one E2 mode characteristic of GaN and one characteristic of AlN. The A1 
(LO) mode, unlike the E2 mode, showed one-mode behaviour and did not have a linear 
dependence on aluminium content.  
 
Experimental results on AlxGa1-xN will be presented in section 5.3. 
 
In chapter 4, a typical Raman system will be described. 
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Chapter 4 
 
DESCRIPTION OF THE NMMU RAMAN SYSTEM 
             
  
4.1 Introduction 
 
After the discovery of the Raman effect, the typical Raman systems were relatively crude 
compared to today’s systems. When Raman et al discovered the Raman effect in 1928, 
they reported that, “The new type of light scattering discovered by us naturally requires 
very powerful illumination for its observation”. In their experiments, they made use of a 
beam of sunlight converged by a telescope objective and by a second lens. Their sample 
was placed at the focus of the second lens and a method of complementary light-filters 
was used to observe the Raman effect. As recently as the 1970’s, scientists still used high 
intensity mercury lamps together with light filters as light sources, dispersive prisms and 
photographic plates in their Raman set-ups. With the more recent development of lasers, 
spectrometers and charge-coupled devices (CCDs), Raman spectroscopy has received 
renewed interest as an analytical technique, and commercial Raman systems are now 
available for general as well as specific applications. Such systems have enabled Raman 
spectroscopy to be applied routinely in practically all fields of science, including physics 
and chemistry, engineering, geology, archaeology, forensic science and biology. 
 
A major part of this study entailed setting up a home-built Raman system in the Physics 
Department at the NMMU. In this chapter therefore, a general discussion of the key 
components making up a basic Raman system will be presented, with the main focus 
being on the components that were used for the NMMU system. The chapter will 
conclude with a brief description of the components used in a micro-Raman system. 
  
4.2 Overview of the NMMU Raman system 
 
As early as 1928 it was recognised that an intense monochromatic light source was 
required to successfully observe the Raman effect. With the discovery of lasers, the 
properties of the laser beam have greatly simplified the recording of Raman spectra and 
have also made it possible to observe and demonstrate a variety of previously unknown 
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effects, such as the resonance Raman effect. Figure 4.1 shows a schematic layout of the 
dispersive Raman system used in the Physics Department at the Nelson Mandela 
Metropolitan University. Our system is very similar to most typical set-ups used for the 
recording of Raman spectra in the pseudo-backscattering geometry. It consists of an 
argon ion (Ar+) laser as illumination source, a mirror to direct the laser beam onto the 
sample, various lenses to focus the incident laser light and to collect the resulting Raman 
scattered signal, an XYZ sample stage for movement of the sample, a spectrometer to 
disperse the light to be analysed and a CCD detector interfaced to a computer with the 
relevant software to capture and interpret the resulting Raman spectra. The relevant laser 
line filters are used to remove unwanted plasma lines and Rayleigh scattered laser light. 
The most widely used light-sources for laser Raman spectroscopy are gas lasers such as: 
helium-neon (He-Ne) [632.8 nm], argon (Ar+) [488 nm and 514.5 nm], krypton (Kr+) 
[647 nm], and those using argon-krypton mixtures. Solid-state lasers such as frequency-
doubled YAG lasers [532 nm] are also widely used. 
 
 
Fig 4.1 – Schematic diagram showing the common components 
used in a dispersive Raman spectroscopy system 
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A dispersive Raman spectroscopy system was set up, as part of this project in the Physics 
Department of the Nelson Mandela Metropolitan University. It comprises the following 
key components: A Coherent Innova 70 argon-ion laser set to single-line mode provides 
laser lines in a wavelength region between 450 and 530 nm, of which the lines at 488.0 
and 514.5 nm provide the highest laser powers (several hundred mW). A laser line filter 
is used to remove any unwanted plasma lines in the wavelength region close to that of the 
desired laser line. However, in the NMMU Raman system it was noted that the laser line 
filter started to degrade allowing some of the plasma lines to be seen in the measured 
spectra shown in chapter 5. A mirror directs the laser light onto a lens that focuses the 
laser beam onto the sample mounted on a XYZ-translation stage. A set of collimating 
lenses is used to collect and focus the resulting Raman scattered light onto the 
micrometer adjustable entrance slit of a 0.3 m focal length Acton SpectraPro® 308i 
dispersive spectrometer. The notch filter serves to remove the laser line signal from the 
Raman signal collected by the collimating lenses. The notch filter used in the NMMU 
Raman system had a spectral bandwidth of approximately 450 cm-1. From there, the light 
is dispersed and captured by a thermoelectrically cooled Si CCD detector. 
 
4.3 Signal detection 
 
When designing a dispersive Raman spectroscopy system, signal detection is a critical 
element to consider, since the signal obtained from Raman scattering is extremely weak 
(about 10-4) compared to the signal obtained from Rayleigh scattering. The Raman signal 
scattered by the sample is in general proportional to the incident radiation power density. 
It is therefore of utmost importance that the incident laser beam is optimally focused onto 
the sample surface. 
 
The Raman signal from the sample is emitted in all directions and the challenge is to 
collect the signal (along with the Rayleigh scattered light) with an appropriate selection 
of objective lenses. This Raman signal is collected at right angles to the surface, in a 
typical cone having a solid angle defined by the point of incidence of the laser beam. One 
would in principle like to use a lens having a large numerical aperture; however, physical 
dimensions (in terms of minimum working distance from the sample surface) often 
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dictate what collecting lens can be used. For a home-built system, one would normally 
choose a simple system against a more elaborate, expensive lens system. For the NMMU 
system, a system of two objective lenses was used. The first lens acted as an objective 
lens, collecting as much of the Raman signal as possible. The second lens, matched in 
focal length to the spectrometer, was used to focus the Raman signal on the entrance slit 
of the spectrometer. 
 
4.3.1 Spectrometer 
 
A spectrometer is a key component in the analysis of Raman scattered light. Its main 
purpose is to enable one to resolve the spectral distribution of the Raman signal so that 
frequencies (and therefore Raman shifts) of measured peaks may be analysed. Figure 4.2 
shows a schematic diagram of the Acton SpectraPro® 308i grating spectrometer (Chezny 
Turner configuration) used in our dispersive Raman spectroscopy system. Having a 0.3 m 
focal length and a F-number of 4
F
, the spectrometer consists of an adjustable entrance 
slit, a mirror at the entrance slit to direct light onto a polished aspheric mirror which 
Fig 4.2 - A diagrammatical representation of 
a typical spectrometer used in a dispersive 
Raman spectroscopy system 
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collimates the incident light and reflects it onto a dispersive grating mounted on a triple 
grating turret. The dispersed light is collected by a second aspheric mirror and reflected 
onto a detector, which for the NMMU system, is a thermo-electrically cooled CCD 
detector. 
 
The spectrometer grating is calibrated using the 632.8 nm line of a HeNe-laser. Once this 
has been done, a mercury lamp is used to further calibrate the spectrometer using the 
control software provided with the spectrometer.   
 
4.3.2 Charge coupled device (CCD) 
 
The CCD used in the Raman system at the Nelson Mandela Metropolitan University is a 
thermo-electrically cooled back-illuminated CCD from Andor Technology. A CCD is a 
silicon-based semiconductor chip bearing a two-dimensional matrix of photo-sensors, 
also known as pixels. The pixels are arranged in rows and columns and each pixel has an 
area of 26 µm x 26 µm. The CCD used in our system is comprised of 255 rows and 1024 
columns resulting in an image area of 26.6 mm x 6.7 mm. The minimum pixel well depth 
is 300000 electrons or approximately 65174 counts. 
 
Charge due to photo electrons is initially read as an analog signal, ranging from zero to 
the saturation value of the pixel. Analog/Digital (A/D) conversion changes the analog 
signal to a binary number which can then be interpreted and manipulated by the 
computer. 
 
It is necessary to thermo-electrically cool the CCD in order to minimize the signal 
produced by the flow of dark current (dark signal). The lowest temperature obtainable 
with our current CCD set up was found to be -60 ºC. However, a temperature of -50 ºC 
was used during measurements as this was found to be a more stable operating 
temperature for the CCD detector. All CCDs produce a dark current. The dark signal adds 
to the measured signal level, and also increases the amount of noise in the measured 
signal. For every 7 degrees Celsius that the CCD temperature falls, the dark signal is 
 33 
halved. The minimum dark current achievable at -50 ºC for the CCD detector used in the 
NMMU Raman system is approximately 0.03 electrons/pixel/second. 
 
The quantum efficiency (QE) of a sensor describes its response to different wavelengths 
of light. Standard front-illuminated CCD detectors are more sensitive to green, red and 
infrared wavelengths (500 to 800 nm range), whilst back-illuminated CCD detectors are 
more sensitive to the blue region. An advantage of using a back-illuminated CCD 
detector is the fact that they have significantly higher QEs (as much as double the QE of 
front-illuminated variants). The maximum QE at room temperature and 500 nm of the 
CCD detector used in the NMMU Raman system is 95 %. The QE is approximately 90 % 
at 488 nm and 94 % at 514.5 nm, the dominant wavelengths of the argon ion laser. 
According to the manufacturers, when the CCD detector is cooled down to -100 ºC, the 
QE drops by between 2 and 10% in the wavelength range used. At this temperature, the 
CCD detector has a QE of greater than 50 % in the 400 to 900 nm range. 
 
4.4 Resolution of the system 
 
Three important components affect the resolution in a Raman system. They are: the 
entrance slit of the spectrometer, the diffraction grating inside the spectrometer, and the 
CCD detector used to capture the Raman signal. According to Hollas (1996), the 
resolution of a diffraction grating may be determined from the following formula: 
 
%
%d dd
R λ ν νλ νν
= = =      …(4.1) 
 
where R is the resolving power of the diffraction grating, λ and dλ (in nm) is the 
wavelength and corresponding resolution of the grating, %ν  and d %ν  (in cm-1) is the 
wavenumber and its corresponding resolution, and ν and dν is the frequency and its 
corresponding resolution. The best spectral resolution of a system consisting of a 
spectrometer and CCD detector is calculated using the following equation [Pini (2003)]: 
pixelspixelmmWmmnmRLDR p 3)/()/( ××=   …(4.2) 
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where RLD is the reciprocal linear dispersion and Wp is the pixel width of the CCD 
detector. The equation contains a factor of 3 pixels to compensate for the fact that a 
minimum of 3 pixels is needed to resolve two peaks, one pixel for each of the peaks and a 
pixel to separate the peaks. Figure 4.3 gives a graphical illustration of this. The 
spectrometer used at NMMU has a RLD of approximately 2.8 nm/mm whilst the CCD 
detector has a pixel width of 26 µm. The best resolution possible for the NMMU Raman  
system was calculated using these values and found to be 0.22 nm.  
 
4.5 Raman Microscopy (micro-Raman) 
 
A micro-Raman system is, in many aspects, very similar to most conventional Raman 
systems. Both conventional and micro-Raman systems make use of some laser as an 
illumination source, and both systems use spectrometers and CCDs for signal detection. 
In actual fact, most conventional Raman systems may also be called micro-Raman 
systems, since the laser may also be focused to a few microns in diameter. The main 
difference between conventional systems and a micro-Raman system is that a micro-
Raman system uses a conventional optical microscope for focusing of the incident laser 
Fig 4.3 – Histogram illustrating the 
minimum number of pixels on a 
CCD detector required to resolve 
adjacent peaks. [Pini (2003)] 
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beam onto the sample. The very same microscope objective lens is then used to collect 
the backscattered Raman signal.  
 
Figure 4.4 shows a schematic diagram of the microscope used in a commercial micro-
Raman system designed by HORIBA Jobin Yvon. Light from a laser is reflected onto the 
microscope objective lens by a 45 ° half-silvered mirror. The green lines indicate the path 
of the incident laser light. The laser light is then focused down to a few microns by the 
objective lens. The very same objective lens is used to collect the Raman scattered signal, 
indicated by the blue lines. The collected Raman scattered signal then passes through the 
half-silvered mirror and into the slit of a spectrometer, and the signal is finally detected 
by a CCD detector. A pinhole with a diameter of approximately 200 µm is placed 
between the objective lens and the entrance slit of the spectrometer in order to improve 
Fig 4.4 – Schematic diagram illustrating the 
basic principle of confocal Raman 
microscopy, as used in a commercial micro-
Raman system designed by HORIBA Jobin 
Yvon. 
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lateral and axial resolution. The pinhole serves to filter out the signal coming from out-of-
focus or adjacent regions. The pinhole also significantly reduces the fluorescent 
background generated by the areas encircling the laser focus point [Hadjur et al, (2005)]. 
 
As mentioned earlier, both micro-Raman and conventional Raman systems make use of a 
spot size of a few microns. However, there are advantages to this present technique, such 
as being able to work in the backscattered geometry. One may also combine Raman 
spectroscopy with normal optical microscopy to study the sample surface in order to 
select regions to be analysed by Raman spectroscopy. This can be done without removing 
the sample from the microscope objective stage. 
 
Results related to the analysed semiconductor materials will be presented and discussed 
in chapter 5. 
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Chapter 5 
 
RESULTS AND DISCUSSION 
             
 
Results from the analysis of the various semiconductor materials studied, are presented in 
this chapter. We will compare the characteristics of bulk materials to those of thin films 
grown using the metal-organic chemical vapour deposition (MOCVD) technique. Raman 
analysis of hydrogen plasma treated (100) silicon will also be presented. It should be 
noted that some of the Raman spectra to be presented in this chapter were measured at the 
Raman Laboratory in the School of Physics at the University of the Witwatersrand in 
Johannesburg. The spectra obtained using a 488 nm line from an argon-ion laser were 
measured using the Raman system at the NMMU while the spectra obtained using the 
514.5 nm laser line were measured at the University of the Witwatersrand The AlxGa1-xN 
samples analysed in section 5.3 were produced by MOCVD at the CRHEA laboratory of 
the CNRS in Valbonne, France. 
 
5.1 Silicon 
 
5.1.1 Raman spectra of as-grown (100) silicon 
 
The use of the well-known 520 cm-1 Raman signal of the TO-LO phonon [Y. Ohmura et 
al (2001)] in silicon is one of the favoured methods of optimising Raman systems (in 
terms of signal intensities, etc), due to the relative ease with which the Raman signal of 
silicon may be obtained. Fig 5.1 shows a typical room temperature Raman spectrum of 
as-grown silicon. As mentioned in section 3.1, the intense peak that we see at 520 cm-1 is 
the well-known TO-LO phonon at the zone centre of silicon, whilst the band seen at 
around 950 cm-1 is ascribed to a two-phonon mode of silicon. The band consists of two 
shoulders at 940 cm-1 and 975 cm-1 which are assigned to a two TO-phonon overtone at 
W and a two TO-phonon overtone at L, respectively. The peak seen at around 350 cm-1 is 
 38 
a plasma line of the 488 nm argon ion laser which was not properly filtered out by the 
laser line filter. 
 
5.1.2 Hydrogen Plasma Treatment of Silicon 
 
Hydrogen was introduced into a silicon sample by exposing it to a remote DC hydrogen 
plasma at 200 oC for 1 hour. A hydrogen pressure of 0.5 mbar was maintained for the 
duration of the plasma treatment. These conditions have previously been found suitable 
for the introduction of hydrogen into Si [Leitch et al (1997) and Wu et al (2001)]. Raman 
measurements were performed at room temperature, using the focused 488 nm line of an 
Ar-ion laser for excitation. The incident laser intensity was 400 mW. This relatively high 
laser intensity was necessary in order to detect the Raman signal resulting from the H-
plasma treatment. Due to this relatively high laser intensity, it is likely that Si could 
experience some localized heating. To gauge how large an effect this might be, the ratio 
of the Stokes to anti-Stokes intensities was checked, and the temperature found to be 
approximately 80 °C. For such a temperature, the Si will remain unaffected. Also, 
hydrogen has been found to diffuse in Si at temperatures higher than 80 °C. The 
backscattered light was dispersed using a 0.3 m single grating spectrometer and detected 
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Fig. 5.1 Room temperature Raman spectrum of 
as-grown (100) silicon. Excitation source: λ = 
488 nm. Acquisition time = 1 second 
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with a cooled Si-CCD detector array as described in sections 4.2 and 4.3. Appropriate 
filters were used to reduce the scattered laser light.  
 
Figure 5.2 shows the Raman spectra for a silicon sample before and after exposure to 
hydrogen plasma. The appearance of a broad band between 2030 and 2180 cm-1 occurs 
after the silicon sample is treated with hydrogen plasma. This band may be attributed to 
the formation of Si-H bonds during the hydrogen plasma treatment procedure as 
described in section 3.1.1. The position of the band is in good agreement with that found 
by Ishioka et al (2001), Johnson et al (1987) and Leitch et al (1997). The feature seen at 
approximately 2371 cm-1 may be attributed to the vibrational mode of N2 molecules 
[Herzberg (1966), pg 62] found in the atmosphere at the sample surface. This was 
confirmed as follows: Raman spectra collected while purging the surfaces with argon gas 
lacked the feature at 2371 cm-1. 
 
The Raman signal between 2030 and 2180 cm-1 occurs due to the vibration of the H atom 
bonded to the Si atoms in various configurations. This Raman signal is thus a local 
vibrational mode (LVM), of silicon, and not a phonon line (such as the 520 cm-1 phonon 
Fig. 5.2 Room temperature Raman spectra of Si, 
after exposure at 200 oC for 1 h to: (a) H2 
plasma; and (b) no plasma treatment (control 
sample). Excitation source: λ = 488 nm. 
Acquisition time = 20 minutes. 
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line in silicon). The signal is clearly a broad band comprising several lines, whose 
relative intensities have been shown to depend on the hydrogen treatment and thermal 
history of the sample [Y. Ma et al (2005).  
 
The band related to the Si-H LVM is of great importance as it can give one information 
about structural defects in silicon. The exact nature of the broad band is still not well 
understood. However, it is believed that Si-H defects are formed through the passivation 
of Si-Si bonds broken during hydrogen plasma treatment. This may lead to the formation 
of extended defects in silicon known as platelets. These extended defects may also form 
voids that can trap molecular hydrogen at considerable pressure. Recently, the study of 
hydrogen induced platelets (HIPs) has attracted renewed interest, since HIPs play a basic 
role in the so-called “Smart-Cut” technology [Bruel (1995)]. The Smart-Cut process has 
opened prospects for the creation of new bonded semiconductor materials. According to 
Gawlik et al (2003), “wafer bonding is a very promising method for production of hybrid 
materials for micro- and optoelectronics”. A major application is the production of 
Silicon on insulator wafers. The Smart-Cut process consists in principle, of 4 steps, as 
described in Bruel (1995): Step 1 consists of the implantation of hydrogen ions in a 
silicon wafer A. In step 2, silicon wafer A undergoes hydrophilic bonding to a wafer B. 
During step 3, the two bonded wafers undergo a two-phase heat treatment. In the first 
phase, the implanted wafer A splits into two parts. The split occurs at a depth where 
platelets, resulting from step 1, are formed. It is believed that the annealing cycle causes 
the pressure of the molecular hydrogen in the voids to reach a value sufficient for 
exfoliation to occur. During this phase a thin layer of monocrystalline silicon remains 
bonded to wafer B and the rest of wafer A. The second phase strengthens the chemical 
bond formed between the thin layer and wafer B. Step 4 entails the fine polishing of the 
newly bonded layer. 
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5.2 Zinc Oxide 
 
5.2.1 Bulk ZnO 
 
In order to better understand the Raman spectra of ZnO thin films, the Raman spectrum 
of a single-crystal bulk ZnO sample was first investigated.* Figure 5.3 shows the Raman 
spectrum (300 K) of a ZnO bulk sample, mounted with the c-axis perpendicular to the 
sample holder. According to the selection rules discussed in section 3.2, we expect to 
observe the E2 modes and the A1 (LO) mode in unpolarized Raman spectra taken in 
backscattering geometry [Damen et al (1966), Wang et al (2001) and Zhaochun et al 
(2001)]. The peaks at 98.2 and 437.1 cm-1 are attributed to the E2 (low) and E2 (high) 
modes of ZnO, respectively. It was mentioned in Section 3.2 that the low frequency E2 
mode is associated with the vibration of the Zn sublattice, while the high frequency E2 
mode is associated with only oxygen atoms [Özgur et al (2005), pg 16].  At 574 cm-1 we 
                                                 
*
 The author wishes to thank Dr D.C. Look for supplying the sample. 
Fig. 5.3 Room temperature Raman spectrum of a ZnO bulk 
sample taken in a backscattering geometry. The dashed 
arrows indicate the positions of other peaks not expected in 
ZnO. Excitation source: λ = 514.5 nm. Laser intensity at 
sample surface: 2 mW. Acquisition time = 120 seconds. 
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see a small feature, which may be attributed to the A1 (LO) phonon mode [refer to table 
3.2]. A band in the region of 332 cm-1 is also clearly visible, and may be ascribed to zone-
boundary phonons [2-E2 (M)] at 160 cm-1 as first interpreted by Calleja et al (1977). The 
weak feature at 202 cm-1 corresponds to the frequency of 2E2 (low) [Calleja et al (1977)]. 
The features indicated by the dashed arrows are of unknown origin. 
 
5.2.2 Preparation of ZnO thin films 
 
The ZnO thin film samples used in our Raman studies were deposited in a horizontal 
quartz reactor of the MOCVD system used in the Physics department of the Nelson 
Mandela Metropolitan University. Diethyl-zinc (DEZn) was used as a zinc precursor, 
tertiary-butanol (TBOH) as the oxygen precursor and pure argon as carrier gas. Substrates 
used for deposition included glass, Al2O3 (sapphire), Si and GaAs. A ZnO thin film was 
also deposited on a 3C-SiC layer of thickness ∼ 2 µm, that had previously been deposited 
by MOCVD on top of (100) Si substrates. The growth temperature ranged between 380 
and 475 oC, with 380 oC being the favoured growth temperature. A reactor tube pressure 
of approximately 200 Torr was maintained during the growth process. The flow rates of 
the DEZn and TBOH were maintained at 20 and 200 cm3/min respectively, with a few of 
the earlier samples grown at flow rates of 10 and 100 cm3/min for DEZn and TBOH. By 
varying the growth times between 15 and 120 minutes, a series of ZnO samples having 
increasing thicknesses was obtained. This is illustrated in figure 5.4, which shows a plot 
of film thickness as a function of growth time for ZnO thin films grown on glass. Sample 
thickness was determined by measuring the cross section of each sample using the 
scanning electron microscope (SEM) at the NMMU Physics Department.*  
 
Figure 5.5 shows a schematic diagram of the procedure used to prepare a sample for 
thickness analysis in the SEM. A few millimetres of the leading edge of the sample is 
first removed. The remaining piece is then cleaved as indicated in figure 5.5 (b). A piece 
of the cleaved sample (indicated by A) is then mounted in such a way that the 
                                                 
*
 The author wishes to thank K. Roro for assistance with the MOCVD growth of the layers, as well as the 
thickness measurements. 
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cross sectional thickness may be determined in the SEM. The thickness is determined by 
averaging the thickness along the edge of the cleaved piece A, as indicated in figure 5.5 
(c).  
 
 
 
 
Fig. 5.4 – Film thickness as a function of 
growth time for ZnO thin films grown by 
MOCVD on glass substrates. The solid line is 
a linear fit to the data. 
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Fig. 5.5 – A schematic diagram of the technique used to prepare a sample for 
thickness determination in the SEM. 
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5.2.3 Raman results of thin film ZnO 
 
Figure 5.6 shows the Raman spectra measured from ZnO thin films grown on glass 
substrates using the MOCVD system mentioned in section 5.2.2. The film thickness of 
the samples grown for 15, 30, 60, 90 and 120 minutes were measured to be 0.2, 0.7, 2.7, 
3.8 and 5.8 µm, respectively as described in section 5.2.2. The error in these values is 
approximately 100 nm. A strong Raman peak at 437.3 cm-1 is measured in all but the 
thinnest of the films grown on glass substrates. The peak corresponds to the high 
frequency non-polar optical phonon [E2 (high)] of ZnO and is associated with the 
vibration of the oxygen sublattice as mentioned in section 5.2.1. There is an increase in 
the Raman intensity of this peak for samples with thickness ranging between 0.2 and 3.8 
µm, after which, the intensity does not seem to significantly increase any further. It is 
important to note that there does not seem to be any shift in the position of this peak with 
increasing sample thickness. This would indicate that the films are in a virtually 
unstrained state, and that the thickness increase has not significantly altered any 
remaining residual stress in the samples. 
Fig. 5.6 – Room temperature Raman spectra of ZnO thin 
films grown on glass for increasing time intervals: (a) – 15 
min, (b) – 30 min, (c) – 60 min, (d) – 90 min; and (e) grown 
for 120 minutes. Excitation wavelength λ = 514.5 nm. 
Acquisition time = 120 seconds. 
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The samples grown for 60, 90 and 120 minutes also exhibit a feature at approximately 
331 cm-1, similar to that seen in the Raman spectrum of the bulk sample in figure 5.3. We 
thus attribute this feature to the 2-E2 (M) mode of ZnO mentioned in section 5.2.1. It is 
interesting to note the appearance of a feature at approximately 381 cm-1 in the spectra of 
the thickest two samples seen in figure 5.6, as indicated by the arrows. This corresponds 
to the A1 (TO) mode of ZnO, as indicated in Table 3.2. However, according to selection 
rules, the A1 (TO) mode is forbidden in the backscattering geometry in which these 
spectra were taken [Kaschner et al, (2002)]. As mentioned in section 2.4.4, damage and 
structural imperfections may however induce scattering by forbidden phonons. The A1 
(LO) peak, however, was not seen in any of the spectra in figure 5.6, which is an 
indication of the good quality of the material. The A1 (LO) mode is usually associated 
with the O-vacancy, the Zn-interstitial, or complexes of the two [Jeong et al, (2005) and 
Shan et al, (2005)]. 
 
When comparing the Raman spectrum of the ZnO bulk sample (figure 5.3) to the spectra 
of the ZnO thin films grown on glass (figure 5.6), we note that the spectra of the ZnO thin 
films are much weaker than the spectrum of the ZnO bulk sample. It can also be seen that 
the signal-to-noise ratio in the ZnO thin film spectra are worse than that found in the 
spectrum of the ZnO bulk sample. This could possibly be due to the fact that the 514.5 
nm laser line used here is in fact below bandgap radiation. Due to the very low absorption 
coefficient at this wavelength, much of the incident laser light is likely to be transmitted 
through the thin film (and the glass substrate), with relatively little Raman scattering 
taking place. An increased Raman collection efficiency would be possible if one were 
able to use a laser having above bandgap radiation (such as the 325 nm line emitted from 
a HeCd laser). Unfortunately a HeCd laser was not available for this purpose. The films 
are expected to be multicrystalline, with grain sizes around 30 nm [Pagni and Leitch 
(2004)]. The phonon lines seen in Figure 5.6 reflect the fact that the vibrations result from 
a multicrystalline lattice. An amorphous film of ZnO is not likely to generate these sharp 
phonon lines. The FWHM of the E2 (high) phonon of the ZnO thin films grown on glass 
(figure 5.6) were found to be between 7.5 and 8.5 cm-1. This is comparable to the FWHM 
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found for the ZnO bulk sample (6.3 cm-1) seen in figure 5.3, an indication that the ZnO 
thin films grown on glass are indeed crystalline and not amorphous. 
 
Referring again to the thinnest ZnO layer (which was measured to have a thickness of 
only 0.2 µm, or 200 nm), it was not possible to obtain a Raman peak that could be 
positively identified with ZnO. Energy dispersive x-ray spectroscopy (EDS) in the SEM 
confirmed that the ZnO film was indeed present, but surface scans in the SEM indicated 
that the surface was not very homogeneous and could possibly have spots where little or 
no ZnO had been deposited. It is to be noted that the 200 nm thin film was grown under 
identical conditions to the other films in this particular series (with the obvious exception 
of the growth time). We must therefore conclude that this thickness represents the present 
limit of the Raman system used in this study for the analysis of very thin samples. 
Figure 5.7 shows the Raman spectra (300K) of ZnO thin films deposited on various 
substrates. The four samples were grown in the same growth run with the substrates 
placed side by side, to ensure that the growth conditions were the same. We clearly see 
Fig 5.7 – Room temperature Raman spectra of ZnO 
thin films grown for 60 min. on various substrates: (a) 
glass, (b) sapphire, (c) GaAs, and (d) Si. The dashed 
lines indicate the positions of the E2 (low) and E2 (high) 
phonons of the ZnO thin films. Excitation wavelength  
λ = 514.5 nm. Acquisition time = 120 seconds. 
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the peaks attributed to the E2 (low) and E2 (high) phonon modes in all the Raman spectra 
of the ZnO films in figure 5.7. The small peak situated at approximately 57 cm-1 in all of 
the spectra of figure 5.7 is attributed to one of the plasma lines of the argon-ion laser that 
is not completely filtered out. 
 
In spectrum (b) of figure 5.7, a sharp peak is seen at approximately 417 cm-1. This peak 
may be ascribed to the sapphire substrate [Wang et al, (2001)]. The presence of this peak 
is an indication that some of the excitation radiation is allowed to reach the substrate. 
This is possibly due to the fact that the 514.5 nm laser line used here is in fact below 
bandgap radiation as mentioned earlier in section 5.2.3. Due to the very low absorption 
coefficient at this wavelength, much of the incident laser light is likely to be transmitted 
through the thin film.  
 
Figure 5.8 (b) shows the Raman spectrum (300 K) of the sapphire substrate used for ZnO 
growth. A sharp peak at approximately 417 cm-1 is clearly visible in this spectrum, 
confirming that the peak seen at 417 cm-1 in figure 5.7, spectrum (b), is indeed related to 
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Fig 5.8 – Room temperature Raman spectra of GaAs (a) and 
sapphire (b) used as substrates for ZnO growth. Excitation 
wavelength λ = 514.5 nm. Acquisition time = 120 seconds. 
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the sapphire substrate. The smaller peak seen at approximately 576 cm-1 in spectrum (b) 
of figure 5.8 is also attributed to the sapphire substrate. 
 
Again referring to figure 5.7, we see the presence of two strong peaks situated at 
approximately 267 and 291 cm-1 in spectrum (c). These peaks correspond to the Γ (TO) 
and Γ (LO) phonon modes of GaAs respectively [Madelung, (1996)]; see figure 5.8 
spectrum (a). A broad feature between 450 and 600 cm-1 is also noticeable. The origin of 
this band is unknown. This band is also present in the Raman spectrum (300 K) of the 
GaAs substrate before ZnO was deposited. This would seem to indicate that the band is 
not related to the ZnO thin layer deposited on the GaAs in figure 5.7 (c). 
 
In figure 5.7, spectrum (d), we see one dominant peak at approximately 520 cm-1. Two 
smaller peaks at 302 and 618 cm-1 are also noticeable. These 3 peaks belong to the silicon 
substrate. 
 
It should be noted that there does not appear to be a significant difference in the intensity 
of the E2 (high) phonon mode of ZnO grown on the four different substrates. This would 
seem to indicate that varying the substrate does not significantly affect the ZnO quality. 
This may be understood if one considers that for each of these substrates, the deposited 
ZnO layer represents a system containing a significant degree of lattice mismatch. As was 
the case for ZnO grown on glass, we do not see the A1 (LO) peak in any of the spectra in 
figure 5.7 which yet again confirms that the material grown, is of good quality, in spite of 
the lattice mismatch. Another indication of the quality of the grown ZnO thin films is that 
room temperature carrier mobilities approaching 100 cm2 /V.s have been regularly 
measured on similar ZnO layers grown on glass substrates in our Department 
[Somhlahlo, (2006)]. 
 
Figure 5.9 shows the Raman spectrum (300K) of a ZnO thin film grown on a 3 µm thick 
3C-SiC layer. The 3C-SiC layer had previously been deposited by chemical vapour 
deposition (CVD) on a (100) Si wafer at the CNRS in Nice, France.* X-ray diffraction 
                                                 
*
 The author wishes to thank Dr André Leycuras for supplying the wafer. 
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measurements of the SiC-Si sample (prior to ZnO growth), carried out in the Physics 
Department of the NMMU, revealed only three peaks - one peak arising from the Si (100) 
substrate and two peaks arising from the (200) and (400) planes of the SiC epilayer 
[James et al, (2006)]. This confirmed that the SiC layer was of a good quality. 
 
For comparison purposes, a ZnO thin film was also deposited on a (100) Si substrate 
during the same MOCVD growth cycle. The Si substrate and the SiC-Si sample were 
placed side by side in the MOCVD reactor. The same MOCVD growth parameters 
described in section 5.2.2 were used, with the growth time being 30 minutes.  
 
Four peaks are visible in both spectra in figure 5.9. The three peaks at 302, 520 and 
618 cm-1 are related to the Si substrate [Tripathy et al, (2002) and Zhao et al, (2003)], 
with the 520 cm-1 peak clearly dominating the spectrum. The remaining peak at 
approximately 436.5 cm-1 is due to the E2 (high) mode of the ZnO layer, in good 
agreement with previous results in this section. 
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Fig 5.9 – Room temperature Raman spectra of ZnO thin 
films grown on SiC-Si (top) and Si (bottom). Excitation 
wavelength λ = 514.5 nm. Acquisition time = 120 seconds. 
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No peaks related to the SiC layer are seen in figure 5.9. This is due to the fact that we 
only expect to see SiC-related peaks at higher wavenumbers, namely at approximately 
796 and 972 cm-1 [Madelung, (1996)]. This is confirmed in figure 5.10: the Raman 
spectrum (300 K) of the 3C-SiC layer on Si shows the presence of two peaks situated at 
approximately 796 and 971 cm-1. The Γ (LO) phonon of SiC is superimposed on a broad 
feature situated between 900 and 1000 cm-1. This broad feature is related to two 2-phonon 
modes of Si (section 3.1). 
Referring to figure 5.9, the ZnO thin film was grown on top of the SiC-Si sample in order 
to investigate the influence of the lattice mismatch between the ZnO thin film and the Si 
substrate. Wurtzite ZnO has an a-axis lattice parameter of 3.253 Å, compared to the a-
axis lattice parameter of 4.360 Å for 3C-SiC and 5.431 Å for (100) Si [Madelung, (1996). 
Although still a large mismatch, the difference between the ao values for ZnO and 3C-SiC 
is smaller than the difference between ZnO and Si. It is important to realize though that 
ZnO has a hexagonal structure, whilst both Si and 3C-SiC have cubic structures. A better 
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Fig. 5.10 – Room temperature Raman spectrum of a 3C-SiC layer 
grown on Si. Exciting wavelength λ = 514.5 nm. Acquisition time = 
120 seconds 
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lattice match would exist if one could grow ZnO on hexagonal 6H-SiC (a = 3.081 Å). 
Unfortunately, only the 3C-SiC layer on Si was available for this study. Future work 
could include checking the effect that growth of ZnO on a 6H-SiC buffer layer would 
have in decreasing the residual strain related to lattice mismatch.  
 
Finally, the spectra of ZnO grown on SiC-Si and on Si yet again lack the A1 (LO) peak; 
this again indicates that the material is of good quality. Also, when one compares the two 
spectra in figure 5.9, no significant shift of the E2 (high) mode is seen. This would seem 
to indicate that growth on the Si-SiC sample does not contribute to a significant change in 
the stress in the ZnO thin film. The value of 436.5 cm-1 corresponds well with the value 
of 437.1 cm-1 found for bulk ZnO in section 5.2.1. One may conclude that if there is any 
residual stress in the ZnO thin films grown on Si and on SiC-Si, its effect is not 
measurable in the Raman spectra collected in figure 5.9. 
 
 
5.3 Gallium nitride and AlxGa1-xN 
 
5.3.1 Preparation of GaN and AlxGa1-xN 
 
The GaN and AlxGa1-xN characterised in this study was produced by MOCVD at the 
CRHEA laboratory of the CNRS in Valbonne, France. The growth process used was 
developed by Dr. F. Omnès at the CHREA laboratory.*  
 
Trimethyl-gallium (TMGa) and trimethyl-aluminium (TMAl) were used as Ga and Al 
precursors respectively, whilst ammonia (NH3) was used as a nitrogen source. The ratio 
of the Al content to that of the Ga content may be varied by changing the Al partial 
pressure in the vapour phase. Various growth temperatures were used, as the growth 
procedure consisted of various stages. Before GaN or AlxGa1-xN is deposited on the 
substrate, a buffer layer of either GaN or AlN is first deposited at a low growth 
temperature. GaN is used as a buffer layer when depositing GaN on the substrate, while 
                                                 
*
 The author wishes to thank Dr F. Omnès for supplying the samples. 
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an AlN buffer layer is used for AlxGa1-xN epilayers. Sapphire (Al2O3) was used as a 
substrate for the growth of GaN and AlxGa1-xN. After the buffer layers were deposited, 
GaN or AlxGa1-xN was deposited at temperatures ranging between 1000 and 1100 °C. 
This procedure yielded a growth rate of approximately 2.3 µm/hour. The AlxGa1-xN 
layers were grown for 60 minutes resulting in sample thicknesses of approximately 2 µm. 
 
5.3.2 GaN and AlxGa1-xN results 
 
Due to the difficulty of growing good quality AlN thin films on sapphire, no results for 
AlxGa1-xN having aluminium composition x > 0.8 were presented in this section. It 
should however be remembered that AlxGa1-xN with high aluminium content shares 
certain characteristics of AlN in terms of lattice dynamics. 
 
Figure 5.11 shows the Raman spectra (300K) measured for AlxGa1-xN thin films, with 
varying aluminium content, deposited on sapphire substrates. The dashed lines indicate 
the positions where one would expect to find Al2O3-related peaks related to the substrate. 
Two of these peaks, namely the one at 576 cm-1 and the one at 750 cm-1 either overlap, or 
very nearly overlap with peaks corresponding to the AlxGa1-xN thin films, making it 
difficult to distinguish them from each other.  
 
If we consider first the spectrum for GaN (ie, with Al composition x = 0), one can clearly 
see a sharp peak at 567 cm-1 and a broad feature at approximately 750 cm-1. The peak at 
567 cm-1 corresponds to the E2 (high) mode of GaN. The assignment of a specific phonon 
mode to the broad feature at 750 cm-1 is hampered by the presence of a Raman peak at 
750 cm-1 attributed to the sapphire substrate. The broad feature could possibly be a 
combination of the A1 (LO) at 735 cm-1 and E1 (LO) at approximately 743 cm-1 of GaN 
together with the Eg mode of sapphire at 750 cm-1 [Huang et al, (2004)].  
 
Looking at the spectrum of AlxGa1-xN with 15 % aluminium content, one sees that the 
peak situated at 567 cm-1 shifts to 570 cm-1. This is in good agreement with the value of 
570 cm-1 reported by Hashizume et al (2000) for an AlxGa1-xN layer with 17 % 
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aluminium content. This shift is attributed to the systematic reduction in the lattice 
parameter as one increases the aluminium content in the system. The shift is also 
accompanied by a broadening of this peak and a decrease in its intensity. We also note 
the presence of a small feature at 770 cm-1. Although not well defined, this feature is 
probably related to the GaN-like A1 (LO) phonon mode that has shifted to a higher 
frequency due to the increase in aluminium content. The position of this feature is in 
good agreement with the position of the A1 (LO) phonon mode reported by Cros et al 
(1997a).  
 
Moving on to the spectrum of AlxGa1-xN with an aluminium content of 30 %, we see a 
further shift of the E2 (high) peak to 576 cm-1, accompanied by a further decrease in its 
intensity. The decrease in intensity as well as the broadening of the peaks could possibly 
be attributed to a general decrease in quality of the AlxGa1-xN layer as the aluminium 
content is increased [Stutzmann et al, (1997)]. It should also be remembered that the 
absorption coefficient of AlxGa1-xN changes with increasing aluminium content, which 
would certainly also affect the Raman intensities. The feature that was seen at 
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on sapphire substrates. Excitation wavelength λ = 
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approximately 770 cm-1 in the spectrum of AlxGa1-xN with 15 % aluminium content is no 
longer visible in the spectrum with 30 % aluminium content. According to measurements 
done by Cros et al (1997a), one would expect to see a feature at approximately 800 cm-1, 
attributed to the GaN-like A1 (LO) mode. However, in the Raman spectrum measured by 
us, no feature is seen at this position. This could possibly be as a result of the decrease in 
intensity of the A1 (LO) mode with increasing aluminium content. It should also be noted 
that Cros et al (1997a) made use of the 476.5 nm line of an argon ion laser as excitation 
source, as opposed to the 514.5 nm line used in this study. 
 
When examining the spectrum of the AlxGa1-xN layer with 60 % aluminium content, the 
peak assigned to the E2 (high) phonon mode of GaN is no longer visible. According to 
Cros et al (1997) and Stutzmann et al (1997), one would expect to see the appearance of 
an AlN-like E2 peak at approximately 640 cm-1 for an AlxGa1-xN layer with 60 % 
aluminium content. However, in our spectrum, no peak is seen at this position. 
 
In the spectrum of AlxGa1-xN with an aluminium content of 78 % (figure 5.11), a broad 
feature is visible at approximately 650 cm-1. This value is very close to the value of 
approximately 655 cm-1 given for the E2 (high) mode of AlN (refer to table 3.4). The 
small broad feature seen at approximately 611 cm-1 in the spectrum of AlxGa1-xN with an 
aluminium content of 78 %, could possibly be the appearance of an AlN-like A1 (TO) 
mode. However, according to the selection rules, the A1 (TO) mode is forbidden for the 
backscattering geometry used in this study (as was the case for ZnO). Its presence would 
therefore be an indication of damage and structural imperfections as these phenomena 
may induce scattering by forbidden phonons, as mentioned in sections 2.4.4 and 5.2.3. 
 
Finally, referring again to the broad feature at 750 cm-1 in the spectra of AlxGa1-xN, one 
sees a decrease in the size of the broad feature as the aluminium content is increased from 
0 to 15 %. Further increase of the aluminium content does not significantly change the 
size of this peak. It is thus believed that the peak seen at 750 cm-1 for higher aluminium 
content is related only to the sapphire substrate, as mentioned earlier in this section.  
In chapter 6, some final conclusions will be given. 
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Chapter 6 
 
CONCLUSIONS 
             
 
 
Setting up a home-built Raman system 
 
 
A major part of this study entailed setting up a home-built Raman system in the Physics 
Department at the NMMU. Despite several technical setbacks that hindered the progress 
of this goal, the setting up of the Raman system was a great success. As mentioned in 
sections 2.4.1, 5.1.1 and 5.1.2, the Raman system in the Physics Department at the 
NMMU was successfully used to do Raman analysis of various materials. This included 
the study of hydrogen induced platelets in silicon, as well as showing that natural 
diamonds may be identified using the characteristic phonon vibrational band present in 
their Raman spectrum.  
 
Due to the technical setbacks referred to above, not all of the Raman analysis was done in 
the Physics Department at the NMMU. Instead, some of the Raman spectra presented in 
chapter 5 were measured at the Raman Laboratory in the School of Physics at the 
University of the Witwatersrand in Johannesburg. This led to some positive benefits, such 
as gaining valuable knowledge about Raman microscopy. From this experience, we learnt 
further about the benefits and general problems related to Raman microscopy.  
 
With the knowledge gained, an optical microscope could possibly be included in the 
home-built Raman system in the Physics Department at the NMMU to improve on and 
replace the conventional lens setup currently used in the system. This would enable one 
to carry out micro-Raman measurements, thereby extending the versatility of the 
technique. As a further improvement, it would be useful to be in a position to carry out 
Raman spectroscopy studies where the polarization of the excitation radiation relative to 
the sample surface can be varied. 
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Raman analysis of silicon and hydrogen plasma treated silicon 
 
During the setup and optimisation of our home-built Raman system, we made use of the 
well-known 520 cm-1 Raman signal of the TO-LO phonon in silicon to optimise our 
Raman system (in terms of signal intensities, etc), due to the relative ease with which the 
Raman signal of silicon may be obtained.  
 
Recently, the study of hydrogen induced platelets (HIPs) has attracted renewed interest 
due to the basic role that HIPs play in the so-called “Smart-Cut” technology. For this 
reason, we thought it was appropriate to use the home-built Raman system in the Physics 
Department at the NMMU to see if we could obtain the Raman signal related to the HIPs 
inside of hydrogen plasma treated silicon. In section 5.1.2, it was shown that the Raman 
system was capable of detecting HIPs inside of silicon. Unfortunately, we were unable to 
observe the Raman signal related to H2-molecules trapped inside of the HIPs. Future 
work could include further optimising the Raman system in order to improve signal 
detection which would hopefully enable us to observe the Raman signal of H2-molecules. 
 
ZnO thin films grown on glass and other substrates 
 
ZnO thin films were grown on glass substrates using the MOCVD system mentioned in 
section 5.2.2. Raman spectra were obtained for ZnO thin films of varying thicknesses. It 
was found that for the thinnest layer (2 µm thickness) it was not possible to obtain a 
Raman peak that could be positively identified with ZnO. We must therefore conclude 
that this thickness represents the present limit of the Raman system used in this study for 
the analysis of very thin samples. 
 
For the thicker layers (between 0.7 and 5.8 µm) it was seen that there was no notable shift 
in the peak at 437.3 cm-1 with increasing layer thickness. This confirms that the films are 
in a virtually unstrained state, and that the thickness increase has not significantly altered 
any remaining residual stress in the samples. 
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The Raman spectra of ZnO thin films grown on GaAs, Si and sapphire were comparable 
to those grown on glass. The presence of a sharp peak at approximately 437 cm-1 in all 
the spectra indicated the presence of the ZnO thin film. The intensity of this peak was 
comparable to that seen in the spectra of ZnO grown on glass. This would indicate that in 
this respect, glass substrates are just as suitable as other more expensive substrates. 
 
A few ZnO thin films were deposited on SiC-Si substrates in order to investigate whether 
this would lead to an improvement in the quality of the ZnO thin films. No measurable 
shift in the dominant E2 (high) mode of ZnO was found. This suggests that misfit 
dislocations in the ZnO layers will have reduced most of the strain associated with the 
lattice mismatched system, causing the ZnO thin films to be essentially strain-free. The 
misfit dislocations originate at the substrate / epilayer interface as soon as the thickness of 
the ZnO layer reaches the critical layer thickness. 
 
It was seen that the peak associated with the A1 (LO) mode of ZnO was absent in all of 
the ZnO thin films grown using the MOCVD technique. The A1 (LO) mode is usually 
associated with the O-vacancy, the Zn-interstitial, or complexes of the two [Jeong et al, 
(2005) and Shan et al, (2005)]. We thus conclude that the MOCVD technique is an 
excellent technique for the growth of ZnO thin films. 
 
Gallium nitride, aluminium nitride and AlxGa1-xN 
 
There is currently great interest in the AlxGa1-xN alloy system, since it is so well suited 
for applications in group III nitride based optoelectronic and electronic devices 
[Yoshikawa et al, (2000)]. For this reason, studying the AlxGa1-xN alloy system is of 
great importance. Raman spectroscopy is an extremely useful technique for studying the 
AlxGa1-xN alloy system, as it gives one information about the quality of the AlxGa1-xN 
thin films. One also gains a better understanding of the effects that compositional changes 
may have on stress and strain in AlxGa1-xN thin films. 
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It was found that increasing the aluminium content of AlxGa1-xN layers led to a shift to 
higher wavenumbers of the GaN-like E2 peak situated at 567 cm-1. This is attributed to 
the systematic reduction in the lattice parameter as one increases the aluminium content 
in the system. The shift was accompanied by a decrease in the intensity and broadening 
of the E2 peak. It was concluded that the decrease in intensity and the broadening of this 
peak could probably be attributed to the decrease in quality of AlxGa1-xN layers with 
increasing aluminium content.  
 
The appearance of a small broad feature at approximately 611 cm-1 in the spectrum of 
AlxGa1-xN with an aluminium content of 78 % was attributed to an AlN-like A1 (TO) 
mode. It was concluded that this was further evidence that the AlxGa1-xN layers with 
higher aluminium content were of poorer quality. This is due to the fact that the presence 
of the A1 (TO) phonon mode is forbidden in a backscattering geometry and is usually an 
indication of damage and structural imperfections as these phenomena may induce 
scattering by forbidden phonons. 
 
Uses of Raman spectroscopy 
 
It was said in section 2.4 that Raman spectroscopy is an extremely useful analytical 
technique. Raman spectroscopy may be used for compositional determination, stress and 
strain profiling, contactless thermometry and for the determination of crystal structure 
and orientation, to name a few of the uses.  
 
In this study, we have analysed a wide variety of semiconductor materials. We have 
shown that it is possible to identify natural diamond by its characteristic phonon mode 
situated at approximately 1332 cm-1. When it was suspected that local heating caused by 
relatively high laser intensities was present during the analysis of hydrogen plasma 
treated silicon, we made use of the principle of contactless thermometry to determine the 
local temperature of the silicon samples. It was shown that materials with a specific 
crystal structure yielded similar phonon modes, as governed by various selection rules. 
We were able to give qualitative analysis of the general structural quality of the 
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semiconductor materials studied in this work. This was done by considering such 
phenomena as broadening and shifting of characteristic phonon peaks as well as 
interpreting the appearance of certain forbidden phonon modes. 
 
In conclusion, this dissertation has confirmed that Raman spectroscopy is an extremely 
useful and versatile analytical tool in the study of semiconductor materials. 
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